The unicellular cyanobacterium Crocosphaera watsonii is an important nitrogen fixer in oligotrophic tropical and subtropical oceans. Metabolic, energy and cellular processes in cyanobacteria are regulated by the circadian mechanism, and/or follow the rhythmicity of light-dark cycles. The temporal separation of metabolic processes is especially essential for nitrogen fixation because of inactivation of the nitrogenase by oxygen. Using a microarray approach, we analyzed gene expression in cultures of Crocosphaera watsonii WH 8501 (C. watsonii) over a 24-h period and compared the whole-genome transcription with that in Cyanothece sp. ATCC 51142 (Cyanothece), a unicellular diazotroph that inhabits coastal marine waters. Similar to Cyanothece, regulation at the transcriptional level in C. watsonii was observed for all major metabolic and energy processes including photosynthesis, carbohydrate and amino acid metabolisms, respiration, and nitrogen fixation. Increased transcript abundance for iron acquisition genes by the end of the day appeared to be a general pattern in the unicellular diazotrophs. In contrast, genes for some ABC transporters (for example, phosphorus acquisition), DNA replication, and some genes encoding hypothetical proteins were differentially expressed in C. watsonii only. Overall, C. watsonii showed a higher percentage of genes with light-dark cycling patterns than Cyanothece, which may reflect the habitats preferences of the two cyanobacteria. This study represents the first whole-genome expression profiling in cultivated Crocosphaera, and the results will be useful in determining the basal physiology and ecology of the endemic Crocosphaera populations.
Introduction
Cyanobacteria are prokaryotic phototrophs that catalyze diverse biochemical reactions, including hydrogen production and degradation of complex organics (Herrero and Flores, 2008) , and are responsible for a large fraction of global primary productivity. They are important in ecosystem function in freshwater, marine and terrestrial systems (Whitton and Potts, 2000) . Some cyanobacteria are capable of biological nitrogen fixation, the reduction of atmospheric dinitrogen (N 2 ) gas to ammonium (NH 3 ) (Postgate, 1998) . The fixation of N 2 is a particularly important source of nitrogen in marine habitats, yet few N 2 -fixing cyanobacteria are found in the oligotrophic open ocean (Howarth et al., 1988; Michaels et al., 1996; Karl et al., 2002; Stal and Zehr, 2008) . The free-living bloom-forming filamentous cyanobacterium Trichodesmium (Capone et al., 1997; LaRoche and Breitbarth, 2005) and the heterocystous Richelia symbionts of marine pelagic diatoms (Villareal, 1992; Foster and Zehr, 2006) were believed to be the primary N 2 -fixers (diazotrophs) until the discovery that the unicellular N 2 -fixing cyanobacteria were also generally widespread and important in N 2 -fixation in the open ocean (Zehr et al., 2001; Falcón et al., 2002; Mazard et al., 2004; Montoya et al., 2004; Langlois et al., 2005) . One of these unicellular cyanobacterial species, Crocosphaera watsonii strain WH 8501 (C. watsonii), had previously been isolated from tropical waters (Waterbury and Rippka, 1989) .
As nitrogenase is extremely sensitive to O 2 , diazotrophic cyanobacteria must avoid inactivation of nitrogen fixation by the O 2 produced in photosynthesis (Fay, 1992; Gallon, 1992; Stal and Zehr, 2008) . Many filamentous diazotrophic cyanobacteria develop specialized N 2 -fixing cells, called heterocysts (Fay, 1992 ) that do not evolve O 2 . A majority of the unicellular cyanobacteria fix N 2 at night, when O 2 is not being produced by photosynthesis. Cyanobacteria control metabolism during light-dark cycles through complex gene expression patterns that include circadian rhythms (Chen et al., 1996; Kucho et al., 2005; Toepel et al., 2009; Zinser et al., 2009 ). The expression of nitrogenase genes in Trichodesmium and in the intertidal or coastal marine unicellular cyanobacterium Cyanothece sp. strain 51142 has been shown to be under circadian control (Schneegurt et al., 1994; Chen et al., 1998; BermanFrank et al., 2001; Toepel et al., 2008) . Genome-wide diel expression analysis may further elucidate the mechanism mediating the spatial/temporal segregation of oxygenic photosynthesis and N 2 fixation in diazotrophic cyanobacteria.
Crocosphaera is unicellular, planktonic and fixes N 2 in the aerobic surface waters of the ocean. It is widely distributed in tropical and subtropical waters (reported from the North and South Atlantic Ocean, North and South Pacific Ocean and the Arabian Sea), but reports on its physiology or ecology are still very recent (Falcó n et al., 2004 (Falcó n et al., , 2005 Tuit et al., 2004; Dyhrman and Haley, 2006; Zehr et al., 2007a; Fu et al., 2008; Compaoré and Stal, 2009; Hewson et al., 2009; Webb et al., 2009) . The draft genome of C. watsonii WH 8501 is 6.24 Mb, with 323 contigs encoding a total of 5958 candidate protein-encoding genes (http://microbes. ucsc.edu/cgi-bin/hgGateway?db ¼ crocWats_WH-8501_0). On the basis of the first draft of this genome, a microarray platform was designed (through Roche NimbleGen Inc., Madison, WI, USA) that included 4407 open reading frames (ORFs) identical to those of the latest released C. watsonii draft genome (excluding most of the transposases and ambiguous ORFs, see Supplementary Figure S1 for details). Recently, whole-genome expression in the closely related marine, but intertidal, unicellular cyanobacterium Cyanothece sp. ATCC 51142 (Cyanothece) was reported Toepel et al., 2008) , making it possible to determine common features of genome expression in the unicellular N 2 -fixing cyanobacteria and to determine unique gene expression patterns of the open ocean species C. watsonii. In this paper, we report whole-genome expression patterns in the cultures of C. watsonii that were grown under alternating light-dark cycles and N 2 -fixing conditions. Our objectives were to (1) compare transcriptional regulation of major metabolic and cell processes during diel cycle in C. watsonii to those in Cyanothece, (2) identify genes in C. watsonii with a diel expression pattern (DEP) that could be targeted in future research to determine whether expression of these genes is circadian or lightregulated and (3) identify potential target genes to assess the physiological status of unicellular diazotrophic cyanobacteria in the environment.
Materials and methods
Culture and growth conditions C. watsonii was cultivated in polycarbonate tissue culture flasks with a 0.2 mm pore-size vent cap (Corning Inc., Corning, NY, USA). For the diel experiment, duplicate cultures were maintained under N 2 -fixing conditions in a modified YBCII medium (Chen et al., 1996) at 26 1C on a 12:12 h light-dark cycle at 50 mmol photons m À2 s À1 . Concentrations of phosphate (KH 2 PO 4 ) and iron (FeCl 3 Á 6H 2 O and ferric ammonium citrate) in the medium were 50 and 5.8 mM, respectively. The cultures were at least 20-fold diluted from the inoculum and were verified axenic by staining with SYBR Gold (Invitrogen, Carlsbad, CA, USA) and visualizing under an epifluorescent microscope (Carl Zeiss, Thornwood, NY, USA). Growth and cell density were monitored with flow cytometry (Cytopia, Seattle, WA, USA) until the cultures reached exponential phase (B10-14 days after inoculation), and then the cells were harvested for the experiments. A total of 16 samples (two replicates taken from different flasks at each of eight time points) were collected, taken every 2-5 h starting with 1 h before the light until 1 h after the light period the following day: D11, L1, L6, L11, D1, D6, 2D11 and 2L1, where L and D stand for light and dark, respectively, followed by the corresponding hour. 2D11 and 2L1 samples were taken from the second light-dark cycle.
Nitrogenase activity
For online monitoring of nitrogenase activity, a sample of 125 ml of C. watsonii cultures reaching exponential growth was collected right before the onset of the dark period (L12) together with two 1.5-ml samples for cell counts. The two 1.5-ml replicate samples were fixed with formaldehyde and were stored at 4 1C before cell counts by flow cytometry. The 125-ml sample was immediately placed in a tightly closed, flow-through polycarbonate bottle in a water bath maintained at 26 1C. The bottle was equipped with a magnetic stirrer whose rotation was set at 150 revolutions per minute to ensure homogeneity of the culture. An inlet tube, connected to a gas-mixture system monitored by computer, was inserted into the culture for gas bubbling. The gas mixture, regulated by Brooks 5850S mass flow controllers, flowed at a constant rate of 1.02 l h À1 and was composed of 20% oxygen, 10% acetylene and 70% nitrogen. A second tube, connected to an Agilent 6850 gas chromatograph was inserted to the headspace for gas sampling. Apart from the online incubator, nitrogenase activity was recorded according to the acetylene reduction assay as described by Staal et al. (2001) . The flowthrough system was covered with dense, black plastic sheets to ensure total darkness. In the end of the dark period, the sheet was removed and the system received an ambient, natural light irradiance whose intensity was equivalent to that in the culture incubator.
Sample preparation
At designated times, 50 ml of cultures (B10 6 -10 7 cells ml -1 ) were removed and filtered through a 0.2 mm pore-size polycarbonate membrane filter (GE Osmonics Lab Store, Minnetonka, MN, USA) at approximately 20 KPa vacuum pressure. The filters were immediately frozen in liquid nitrogen and stored at À80 1C until they were processed. Total RNA was isolated using the RiboPure-Bacteria RNA isolation Kit (Ambion, Austin, TX, USA), followed by DNA removal with DNase treatment in solution and cleanup with RNeasy spin columns (Qiagen, Valencia, CA, USA), according to the manufacturer's instructions. The quantity and quality of the RNA was analyzed using a NanoDrop ND-1000 UV-VIS spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) respectively. The RNA from two replicates was combined, and 20 mg of the mixed RNA for each time point was reverse transcribed into complementary DNA (cDNA) using the SuperScript doublestranded complementary DNA synthesis kit (Invitrogen Corp., Carlsbad, CA, USA) resulting in eight cDNA samples. The cDNA was labeled with Cy3, and the microarrays were hybridized at the NimbleGen laboratory (NimbleGen).
Microarray
The oligonucleotide expression array of C. watsonii (NimbleGen design ID 2007-03-14_EW_C_watsonii) was designed using draft assemblies of the C. watsonii genome sequence as of 17 March 2004, but without probes for most of the transposases. Up to 19 60-mer oligonucleotide probes were designed for each of the 4991 ORFs and were quadruplicated on the microarray, which allowed chip-internal evaluation of signals. For this report, we mapped 4407 ORFs to the current draft genome NCBI gene models (GenBank accession number AADV00000000 as of 26 August 2009; http://www.ncbi.nlm.nih.gov) (Supplementary Figure S1 ). To further identify these genes and predict their functions, all the 5958 protein-coding genes in C. watsonii draft assembly were compared on the amino acid level to those in the genome of Cyanothece (GenBank accession numbers NC_010546 and NC_010547) using the program Basic Local Alignment Search Tool (BLAST) (Altschul et al., 1997) with an E-value cutoff of 10
À10
. For each of the 4407 C. watsonii ORFs, the best BLAST hit to Cyanothece was reported (Supplementary Tables S1 and S2 ). Full microarray platform descriptions and data are available at the ArrayExpress database (http://www.ebi. ac.uk/microarray-as/ae/) under accession number E-TABM-737. Microarray hybridization signals were quantified using a GenePix 4000B Scanner (Molecular Devices, Sunnyvale, CA, USA). Images were analyzed with NimbleScan software v2.4 (NimbleGen). Expression data were generated using the robust multichip average algorithm (Irizarry et al., 2003b) .
Data analysis
Microarray data were analyzed with Bioconductor software available at http://www.bioconductor.org/ (Gentleman et al., 2004) . The quality of arrays was assessed by examining the distribution of log scale probe intensities and MA-plots constructed by comparing each array to probe-wise medians (Gentleman et al., 2005) , where M i is the log intensity for an i probe in an array, and A is the median log intensity for i probe in all arrays (Supplementary Figure S2) . Differentially expressed genes were selected by comparing gene expression between all possible pairs of time points using the Limma package (Smyth, 2005) . The threshold of gene expression change was set to twofold (Po0.01, false discovery rate adjusted) (Benjamini and Hochberg, 1995) , and genes that were differentially expressed in pairs with D11 and 2D11 or L1 and 2L1 were omitted. For example, comparing the expression in pair L6/D11 yielded 832 differentially expressed genes, and in pair L6/2D11 yielded 877 differentially expressed genes, but both comparisons shared only 730 genes that were selected for subsequent analysis. This resulted in a total of 2823 potential genes that had a DEP.
To visualize the major expression patterns, the 2823 genes were clustered with hierarchical cluster analysis using Pearson's correlation as distance method and complete linkage agglomeration. The number of clusters was set to 10 based on the condition that all clusters are enriched in annotated genes. Genes in each cluster were assigned to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, if known (Supplementary Table S1 ). Principal component analysis was performed to assess switching of the key pathways in relation to the light-dark cycles (Supplementary Figure S3) . The microarray results were validated with reverse transcription quantitative PCR (Supplementary Information).
Results and discussion
As described in Materials and methods, 2823 genes (64.1% of genes investigated in this study or 47.4% of the whole transcriptome) were identified as genes that had a DEP pool with a more than twofold change (Po0.01, false discovery rate adjusted) in the expression between any two time points (Supplementary Table S1 ). The percentage of cycling genes detected in C. watsonii is less than that in the sympatric oceanic non-N 2 -fixing cyanobacterium (Mori and Johnson, 2001 ); therefore, all actively expressed genes would be expected to show cyclic expression patterns. The difference in number of cycling genes in Cyanothece, Prochlorococcus, and C. watsonii could be due to different approaches to microarray data analysis in these studies, specific limits of different microarray technologies (Miller and Tang, 2009) or to different culture conditions. Alternatively, it is possible that the number of cycling genes reflects the unique habitats and different ecology of these organisms for C. watsonii and Prochlorococcus both live in the oligotrophic open ocean, whereas Cyanothece is found in benthic or intertidal marine environments.
The DEP pool in C. watsonii contained ca. 23% of genes assigned to KEGG pathways and 29% of hypothetical proteins (including 168 conserved hypothetical). In contrast, 1584 genes with a nondiel expression pattern (non-DEP pool) (Supplementary Table S2 ) contained ca. 12% of genes assigned to KEGG pathways and 42% of the hypothetical proteins (including 86 conserved hypothetical). The gene expression values (log 2-based) ranged from 4 to 16 with the first and third quartiles of 5.5 and 10.5, respectively, and a median of 8 (Supplementary Figure S2) . The majority of genes encoding hypothetical proteins in the non-DEP pool had low expression values (o5.5) throughout the diel cycle, and these genes may be upregulated during the stationary phase or involved in responses to different stresses. Some genes in the non-DEP pool, for example, photosynthesis genes psaD, psbN and petF3, may have a diel pattern, but were not detected because of the twofold expression threshold chosen to identify the DEP genes.
Cyanothece and C. watsonii genomes share 909 genes that have at least 90% BLAST identity in protein sequences and 3364 genes with at least 60% identity. In spite of the genome similarity, the numbers of genes in the cycling and non-cycling pools were significantly different between these two cyanobacteria (Figure 1) . The higher rate of DEP in C. watsonii could be in part because of multiple gene copies or ORF breakages resulted from the draft genome assembly, which led to several C. watsonii genes with a single best BLAST hit in Cyanothece (for example, 31 ORFs encoding transposases IS4 in C. watsonii match a single gene in Cyanothece, cce_0105). However, the higher number of regulatory systems in the cycling pool in Cyanothece and the higher number of ABC transporters in the DEP pool in C. watsonii (Figure 1 ) could be due to the need for regulation in the fluctuating conditions of the coastal or benthic environment compared with the more stable nutrient-depleted water column of the open ocean.
The transcriptional regulation of cyanobacterial metabolism and cellular processes over light-dark cycles has been described in details previously (Kucho et al., 2005; Labiosa et al., 2006; Stö ckel et al., 2008; Zinser et al., 2009) , and similar coregulation of major processes in C. watsonii was not unexpected. The genes from the DEP pool can be divided into four categories based on the timing of maximal expression (Figure 2 ). The first category is comprised of clusters 1 and 7 that had maximum expression during the light period. The corresponding genes encode some ABC transporters, ribosomes and Figure 1 Comparison of the transcriptome profiles of C. watsonii (this study) and Cyanothece (Stö ckel et al., 2008) . The C. watsonii transcriptome is divided into three parts: (1) the DEP, (2) the non-DEP and (3) genes that were not determined in this study. In each category, the number of genes, followed by the corresponding transcriptome percentage, is indicated in parenthesis. The DEP and non-DEP pools in C. watsonii were compared with those in Cyanothece, and were further decomposed based on the number of genes that were similarly or differentially transcribed in these two organisms. Representative functions of uniquely transcribed genes are also shown. photosynthesis proteins. The transcript abundance of genes from clusters 3, 4 and 5 increased during the late light-early dark period. This category includes the highest number of genes, 898 in total (Table 1) , and is responsible for carbohydrate catabolism, respiration and amino acid metabolism. The third category of genes had highest expression during the dark period and consists of clusters 2, 8 and 10. The dominant pathway in this category is nitrogen fixation. The temporal separation of gene expression for nitrogen fixation and photosynthesis was also supported by principal component analysis (Supplementary Figure S3) . Clusters 6 and 9 constitute the fourth category with the highest gene transcription during the transition from dark to light period. A majority of genes involved in photosynthesis, light harvesting and carbon fixation are in the fourth category.
The transcription patterns of many genes from the DEP pool were similar to those in Cyanothece including genes for photosynthesis, carbohydrate metabolism, respiration, nitrogen fixation and amino acid biosynthesis. Therefore, expression of these genes may be a common pattern in the unicellular N 2 -fixing cyanobacteria, and they may provide good targets for uncultivated populations of this group of cyanobacteria. Below, we focus on genes whose expression differs from that in other cyanobacteria, particularly in Cyanothece, and expression patterns that may reflect the adaptation of Crocosphaera strains to oligotrophic tropical and subtropical waters. The expression values of genes at each time point were standardized, and the green-red scale shows how many s.d. (Z score) the expression value is lower or higher, respectively, than the mean expression values over the diel cycle. For each of 10 clusters, the dominant KEGG pathways are shown. Cluster 9 is not designated because of its small size and is located between clusters 6 and 2. L and D stand for light and dark, respectively, followed by the corresponding hour. The shaded area represents the dark period.
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Nitrogen fixation and hydrogen uptake In C. watsonii, like in other N 2 -fixing non-heterocystous cyanobacteria , nitrogen fixation-related proteins are encoded by a 26-kb cluster containing 29 genes (Postgate, 1998) . The expression of all 29 genes was strongly synchronous (Figure 3a) , and the pattern is consistent with that previously observed in field samples through nifH reverse transcription PCR (Falcó n et al., 2004; Church et al., 2005; Zehr et al., 2007b) . In addition, nitrogenase activity followed the nif expression pattern with a delay in several hours (Figure 3b ) required for synthesis of a functional enzyme. Such delay was also observed for Trichodesmium IMS101 (Chen et al., 1998) . On the onset of the light, N 2 -fixation transiently showed a peak that denoted the use of new energy, coming from photosynthesis, by the remaining nitrogenase enzyme. This conclusion is supported by data from a similar experiment in which there was no increase in N 2 -fixation when the online system stayed in the dark after D12 (data not shown).
The genes from the nif cluster had the greatest difference in expression over the 24-h period (Table 2, Supplementary Table S1 ). The most dramatic difference in expression (more than 600-fold, confirmed by reverse transcription quantitative PCR, see Supplementary Table S3) was observed for the genes nifU, CwatDRAFT_3816 and nifB that likely constitute a single operon (Table 2 ). In contrast, these genes had approximately the same expression fold changes as the rest of nif genes in Cyanothece, in which the maximum difference in the expression of nif genes was o150-fold (Stö ckel et al., 2008). The transcripts for the nifB gene, encoding nitrogenase cofactor biosynthesis, were also abundant in the metatranscriptomic library of C. watsonii from the South Pacific (Hewson et al., 2009) . Thus, the genes nifB, CwatDRAFT_3816 and nifU may serve as more sensitive targets for assessing regulation of nitrogen fixation in natural Crocosphaera populations in the open ocean.
As a result of the reduction of N 2 to NH 3 , molecular hydrogen is released and captured by a hydrogenase, resupplying nitrogenase with electrons, protons, ATP, as well as reducing the O 2 concentration (Tamagnini et al., 2007) . In C. watsonii, the expression of hup genes for uptake hydrogenase and hypAB and hypD genes for hydrogenase maturation proteins (Tamagnini et al., 2002) resembled the expression of the nif genes (Figure 3a) , but the maximum hup and hyp transcript abundance was 5 h earlier than maximum transcript abundance of nif genes. This pattern is similar to the one observed for hup genes in other cyanobacteria (Leitão et al., 2005) . Cyanothece, in contrast to C. watsonii, has both hup and hox genes encoding uptake and bidirectional hydrogenases, respectively. The hup genes in C. watsonii had transcription pattern more similar to the hox than to the hup genes in Cyanothece .
Cell cycle DNA replication was likely initiated in the afternoon or early night as indicated by the increased transcript abundance for the DNA replication genes including genes for the replication initiation protein DnaA, DNA polymerase III DnaE, the adenine-specific DNA methylase gene Dam, and DNA topoisomerase I TopA (Figure 4a, Supplementary Table S1 ). The termination of DNA replication by onset of the day was indicated by the maximum transcript abundance for genes involved in the cellular division ring formation and localization, ftsZ and minE (Vicente et al., 2006) . In the early light period, expression of the next set of genes for division ring proteins, FtsQ and FtsY (Vicente et al., 2006) , was upregulated suggesting initiation of cell division (Figure 4a , Supplementary  Table S1 ). At the same time, transcripts for two parB genes that encode a chromosome segregation protein were also most abundant (Supplementary Table S1 ). In Cyanothece, cell division genes showed similar Figure 3 Profiles of expression of nitrogen fixation and hydrogenase uptake genes (a) and diel variations in the N 2 -fixation rate (b). The expression value of each gene at each time point was normalized to the mean at all time points (Y axis, log scale). The X axis represents time points where D and L stand for dark and light, respectively, followed by the corresponding hour. The shaded area represents the dark period. Nitrogen fixation activity was estimated from acetylene reduction using a conversion factor of 4, and corrected for biomass using cell counts determined in the beginning of the experiment.
Crocosphaera diel gene expression T Shi et al expression profile and found to be under circadian control (Toepel et al., 2008) . However, genes for DNA replication were not among the cycling genes in Cyanothece (Stöckel et al., 2008) . In another cyanobacterium, Prochlorococcus, the timing and cycling feature of DNA replication genes were somewhat similar (Zinser et al., 2009) to that observed in C. watsonii.
Sigma factors
Almost all identified sigma factors were differentially expressed during the diel cycle in C. watsonii (Figures 4b and c) . SigA is a primary sigma factor, and its increased expression coincided with DNA replication (Figure 4b ). The group II sigma factor SigE is involved in the activation of genes for glycogen breakdown, glycolysis and oxidative pentose phosphate pathway in Synechocystis sp. PCC 6803 (Osanai et al., 2005) . In this study, transcription of sigE gene was similar to the expression of genes for carbohydrate catabolism (Figures 4c  and 2 ). Expression profiles for group II sigma factors SigB and SigD coincided with their suggested role in regulation of global gene expression in the dark and light, respectively (Summerfield and Sherman, 2007) . In Cyanothece, most of the sigma factors had expression patterns closely resembling those observed in C. watsonii . Moreover, differential diel expression was reported for one primary and four alternative sigma factors in Prochlorococcus (Zinser et al., 2009 ) and two sigma factors in Synechocystis sp. PCC 6803 (Kucho et al., 2005) . Alternative sigma factors activate transcription of many genes in response to various stresses (Los et al., 2008) and are also involved in maintaining the circadian rhythm (Nair et al., 2002) . Genes controlled by these sigma factors are not yet well defined in cyanobacteria, but it appears that the sigma factors orchestrate global gene expression over the diel cycle (Summerfield and Sherman, 2007) .
Iron uptake
The expression profile of several genes suggested an increase in iron demand during the late day-early night period. These genes include two feoAB operons encoding a putative ferrous transporter, isiA gene for the iron stress inducible chlorophyll a-binding protein, isiB encoding flavodoxin, and two fur genes (from four genes total) encoding the ferric uptake regulator (Figure 5a , Supplementary  Table S1 ) (Pakrasi et al., 1985; Katoh et al., 2001; Singh et al., 2003; Chappell and Webb, 2009 ). The third feoAB operon is located in the nif cluster and had an expression pattern identical to nif genes. Genes are located on the complementary strand.
The genes are arranged in the order as they appear in the genome.
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The isiA gene transcripts were also abundant at several locations in natural C. watsonii populations in the Pacific and equatorial Atlantic Oceans, as determined by metatranscriptomic and reverse transcription quantitative PCR analysis (Hewson et al., 2009) . Simultaneously with the iron genes, transcript abundance of oxidative stress genes significantly increased, including the genes for the phycobilisome degradation protein (nblA), peroxidase (prx, CwatDRAFT_4095) and superoxide dismutase (sodB) (Figure 5a, Supplementary Table S1 ). The isiA and isiB genes are also inducible by oxidative stress (Yousef et al., 2003; Kanesaki et al., 2007) . It is noteworthy that in Cyanothece, several genes for iron and oxidative stress, three feoAB operons, fur1, isiB and nblA, had expression profiles similar to C. watsonii . In C. watsonii, intracellular iron concentration increases at the onset of darkness because of de novo synthesis of nitrogenase (Tuit et al., 2004) , which requires 38 atoms of iron per holoenzyme (Shi et al., 2007) . The increased expression of oxidative stress genes may be a response to increased iron uptake, or to the accumulation of reactive oxygen species by the end of the light period, or both. Phosphate acquisition Among cyanobacteria, C. watsonii show unique adaptations to low P environment with the presence of both low-and high-affinity transport systems and at least four genes for phosphomonoesterases (Dyhrman and Haley, 2006) . Nearly all phosphate acquisition and metabolism genes were differentially expressed in C. watsonii during the diel cycle ( Figures 5b and c) ; the exception was phoH gene encoding phosphate starvation inducible protein (Supplementary Table S2 ). DNA replication may cause the increased demand for inorganic phosphate in a cell (Klausmeier et al., 2004; Davey et al., 2008) explaining maximum transcript abundance for phosphate acquisition and phosphatase genes during late light-early dark period (Figure 5b) , similar to the expression of pstCAB and phoA genes in Prochlorococcus (Zinser et al., 2009) . In contrast, only one phosphate transport gene, pstS, was cycling in Cyanothece, although it had similar to C. watsonii maximum expression at L11 . Other phosphorus metabolism genes, including the gene for sulfolipid biosynthesis sqdB, were transcribed at a highest level during late darkearly light period (Figure 5c ) in parallel with the increased biosynthesis in a cell and beginning of cell division.
Hypothetical proteins
The diel cycling gene pool contained 845 genes annotated as hypothetical or conserved hypothetical proteins. Some of these genes showed significantly increased expression at a specific time point (Table 3 ). It is noteworthy that expression of some of these genes was also reported in a metatranscriptome study of natural populations in the South Pacific (Hewson et al., 2009) indicating that hypothetical proteins have important cellular functions in Crocosphaera. Metatranscriptome analysis (Hewson et al., 2009) . In this study, the expression of CwatDRAFT_0061 gene was enhanced 32-fold in the middle of the dark period (Table 3) . Another hypothetical protein encoded by the CwatDRAFT_3843 gene in the nif cluster had the highest transcript abundance at the same time as nitrogen fixation-related genes (D6), and the transcript was abundant in the metatranscriptome from the South Pacific (Hewson et al., 2009) . The hypothetical proteins deserve further study, and at least some of them could represent important potential targets for environmental surveys.
Conclusions
Major metabolic pathways and cell processes in C. watsonii are co-regulated on transcriptional level similar to what was observed in Cyanothece , and the patterns summarized in Figure 6 , except for DNA replication, appear to be general for unicellular N 2 -fixing cyanobacteria. However, the percentage of genes with diel expression patterns in C. watsonii was significantly higher than that in Cyanothece. This includes genes for ABC transporters (for example, P and Co transport), DNA replication and repair, and genes encoding hypothetical proteins unique to C. watsonii, which all together may reflect the habitats preferences of the two cyanobacteria. The unique genes in both DEP and non-DEP pools of C. watsonii would be of great interest for future biochemical and genetic investigations as they may be essential for adaptation of this unicellular N 2 -fixing cyanobacterium to oligotrophic environment. Increased expression of iron and oxidative stress genes by the late light period was observed in both C. watsonii (this study) and Cyanothece (Stöckel et al., 2008) , and increased expression of phosphorus genes was observed in both C. watsonii (this study) and Prochlorococcus (Zinser et al., 2009) . Although there is a possibility that in all studies samples were taken in the early stationary phases, the observed differential expression of iron, oxidative and phosphorus stress genes during the diel cycle suggests that sampling time should be carefully chosen when studying stress responses. The diel expression pattern of several alternative sigma factors suggests that these sigma factors may be responsible for the coordinated global gene expression in C. watsonii during the light-dark cycles. This pattern is consistent with wholegenome expression analysis in other cyanobacteria (Kucho et al., 2005; Stö ckel et al., 2008; Zinser et al., 2009) and with the conclusions from gene mutation studies in Synechococcus PCC 7942 (Nair et al., 2002) . Results obtained in this study will promote better understanding of physiology and ecology of the unicellular diazotroph, Crocosphaera, in oligotrophic ocean.
